Mechanism of simultaneous non-sequential four-neutron (4n) emission (or "true" 4n-decay) has been considered in phenomenological five-body approach. This approach is analogous to the model of the direct decay to the continuum broadly applied to 2n-and 2p-decays. It is demonstrated that 4n-decay fragments should have specific energy and angular correlations reflecting strong spacial correlations of "valence" neutrons orbiting in their 4n-precursors. Due to the Pauli exclusion principle, the valent neutrons are pushed to the symmetry-allowed configurations in the 4n-precursor structure, which causes a "Pauli focusing" effect. Prospects of the observation of the Pauli focusing have been considered for the 4n-precursors 7 H and 28 O. Fingerprints of their nuclear structure or/and decay dynamics are predicted.
Introduction. -In the last decade there was a great progress in the studies of three-body decays (e.g. twoproton radioactivity) [1] . In contrast to "conventional" two-body decays, three-body decays encrypt a lot of additional information in the momentum (energy and angular) correlations of the decay products. Theoretical studies indicate that both effects of the initial nuclear structure and the decay mechanism may show up in the core+n + n and core+p + p fragment correlation patterns in various ways [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
With development of experimental techniques, more and more "complicated" nuclear systems become available for studies. One of such complicated cases are isotonic neighbors of the 4n halo systems located beyond the neutron drip-line, which can decay via 4n-emission. The examples of such systems which are now actively studied by experiment are 7 H and 28 O. The 4n-emission phenomenon is expected to be widespread beyond the neutron drip-line, and other possible candidates for such a decay mode, e.g. 18 Be can be mentioned. Their ground states are expected to be unbound with E T 2 MeV (E T is energy above the 4n decay threshold), and the decay mechanism can be assumed as "true" 4n emission: there are no sequential neutron emission, i. e. all neutrons are emitted simultaneously. For low decay energies with E T 300 keV such a decay mechanism may lead to very long lifetimes characterized in terms of 4n radioactivity [13] . From the experimental side only 4p emission from 8 C has been studied so far [14] . However, this decay has a sequential 8 C → 2p + ( 6 Be → 2p + α) mechanism. In the case of 4n-emission (core+4n decay) the fivebody correlations encrypt enormously more information compared to the three-body case: the complete correlation pattern is described by 8-dimensional space compared to the 2-dimensional one. The decay amplitude antisymmetrization should decrease the effective dimension of the correlation space, but there should be still a * sharovpavel@jinr.ru . Panel (a) shows n-n energy distribution, panel (b) shows n-n angular distribution obtained neglecting n-n final state interaction. Panels (c) and (d) show the energy p-p distributions observed for 6 Be [8] and 45 Fe [6] .
lot. The question can be asked here "What are physically meaningful signals in this wealth of information?" This work demonstrates that core-n and n-n energy and angular distributions may provide important information on the dominant configurations involved in the 4n decay. It is found that isolated pictures of energy and angular distributions are found to be quite featureless, and affected in complicated way by different aspects of structure and dynamics. They are also smeared out by antisymmetrization among emitted nucleons. In contrast, the studies of correlated {i − j, k − l} patterns of energy and angular distributions may give unique signatures for orbital configurations involved in the decay (numbers i = j, k = l enumerate different selections of the decay products).
The concept of "Pauli focusing" was proposed in [15] and further discussed e.g. in [16, 17] for the bound state structure of three-body core+n+n systems. It was demonstrated that due to the Pauli exclusion principle, the population of orbital configurations [l j1 ⊗ l j2 ] J for the valence nucleons may induce strong spatial correlations depending on the specific values of j 1 , j 2 , and J. Various forms of such correlations were actively discussed as an integral part of the two-nucleon halo phenomenon and now they are well experimentally confirmed.
For bound states the theoretically predicted Pauli focusing correlations are "hidden" in the nuclear interior and can be accessed experimentally only by indirect way. In contrast, in the three-body decay process these internal correlations may directly exhibit themselves in the momentum distributions of the decay products. This is illustrated in Fig. 1 for the three-body decays of the [l Fe [1, 6, 8, 18] . Qualitatively, the signature of the Pauli focusing, the double-hump structure characteristic for [p 2 3/2 ] 0 configuration, can be easily seen in both cases. However, for quantitative explanation two more effects require consideration: (i) nucleon-nucleon final state interaction (FSI) and (ii) subbarrier tunneling to configurations with lower angular momenta (and hence easier penetration), see Refs. [1, 7, 9, 19] . In the process of the penetration through the subbarrier region, the following changes in the orbital populations take place
The complete three-body model studies give C 23 ≈ C 01 in 6 Be and C 67 ≪ C 23 in 45 Fe, which explains the difference in qualitative and quantitative descriptions of experimental spectra.
The Pauli focusing for 5-body systems was discussed in [20] by example of 8 He nucleus described by the α+4n model. The complicated spatial correlation patterns were predicted. The same case was considered in details in [21] . In analogy with three-body case we may expect that Pauli focusing correlations found in the bound five-body system should exhibit themselves in decays if such systems are located above the five-body breakup threshold. However, the questions whether and how such correlations can be used to extract physical information have never been addressed so far.
Phase-space distributions. -Before we discuss a physically meaningful signal, connected with nuclear structure and decay dynamics, we should first understand the "kinematically defined" correlations, which are connected with phase-space of several particles. The phasespace V 4 for 5 particles can be defined by 4 energies corresponding to 4 Jacobi vectors in the momentum space
The phase-space energy distribution between any two fragments dV 1 /dε 1 and correlated phase-space distribution of two energies dV 12 /dε 1 dε 2 can be obtained by integration of Eq. (3) over the respective variables
The distributions (4) and (5) are shown in Fig. 2 (a) and (b). The distribution (4) has a maximum at ε 1 = 1/8 and a mean energy value ε 1 = 1/4, the distribution (5) has a maximum at ε 1 = ε 2 = 1/6. In addition to the distributions of Eqs. (4) and (5), the correlated two-dimensional {i-k, n-m} (i = k, n = m) energy and angular distributions may be constructed. For core+4n decays in total five topologically nonequivalent two-dimensional distributions exist, see Fig. 3 . The others can be reduced to them by permutations of indistinguishable particles. The irreducible distributions are illustrated by graphs (see insets in the top right corners of Fig. 3 ) characterizing the topological properties and named by string code also related to them. It is evident that "topologically disconnected" distributions cnnn and nn-nn of Fig. 3 (cols. 3,5 ) are equivalent to the distributions of Eq. (5) and Fig. 2 (b) as Jacobi variables are "disconnected" in the same sense. It can be seen that the other correlated distributions have quite distinctive shapes even in the phase-space case.
Model for dynamics of 5-body decay. -The model we develop in this work is generalization of the improved direct 2p-decay model [22] to the 4-nucleon emission case. In direct decay models it is assumed that emitted particles are propagating to asymptotics in fixed quantum states, while the total decay energy is shared among single-particle configurations described by R-matrix-type amplitudes. This is powerful and reliable phenomenological tool broadly used in the application to 2n and 2p decays for lifetime estimates [11, [23] [24] [25] [26] [27] , studies of two-nucleon correlations [1, 22] and transitional dynamics [22, [28] [29] [30] . Special efforts were made to validate [1, 4, 31] and improve the model [22] . The differential decay probability of the 5-body decay is
In the direct decay model for core + n 1 + n 2 + n 3 + n 4 system a relatively simple analytical Ansatz for the decay amplitude can be used
where A cni (l i , j i , p cni ) is a single particle decay amplitude and p cni , l i and j i are momentum, angular momentum, and total spin conjugated to radius-vector r cni between core and nucleon number i. The amplitude T has defined total spin J and is antysimmetrized (operator A above) for permutation of four valence nucleons. The Monte-Carlo procedure is used to compute various momentum distributions. The single-particle amplitudes are approximated by R-matrix type expression
where E r,cni is the resonance energy in cn i channel, while Γ cni (E cni ) is its standard R-matrix width as a function of energy. This reasonable approximation becomes very precise in the limit of infinite core mass. In order to estimate the possible effect of n-n FSI, the Eq. (6) can be modified as
The amplitude A nin k is the (typical for the MigdalWatson-type approximations) zero-range expression for an s-wave n-n scattering where a s = −18.9 fm is the singlet scattering length in the n-n channel. This approximation provides no control of the actual total spin in the particular n i -n k channel. Thus the effect of n-n FSI should be much overestimated here as, on average, only two pairs of neutrons (out of six possible selections) can be both in relative spin S = 0 state and in relative s-wave simultaneously. So, Eq. (8) can not be consistently used for evaluation of the n-n FSI effect on momentum distributions. However, it can be used to provide a reliable upper-limit estimate of the effect, see Fig. 6 and the related text.
Scenarios of 5-body decay. -The five-body decays are so far not studied. Thus, in our discussion we follow the assumed qualitative analogy of 3-body and 5-body decay dynamics. Let us consider the examples of 7 H and 28 O whose internal structure is expected to be dominated by [p (2) 
The one-dimensional energy and angular distributions for the pure above-mentioned configurations in the core-n and n-n channels are shown in Fig. 4 . On average, the increase of angular momentum "content" of the component leads to the increase of the mean energy in the core-n and the corresponding decrease in the n-n channels. The respective angular distributions have quite distinctive patterns. So, one may see a strong effect of the definite orbital configuration already in these observables.
The Pauli focusing effect on two-dimensional correlated energy distributions is illustrated in Fig. 5 (col. 1) for one selected nn-nn topology. All four considered cases are quite distinguishable from phase-space distributions, as well as from each other. Among them the case of [s 2 1/2 p 2 3/2 ] 0 configuration has a specially strong qualitative distinction. Even stronger variability can be seen in the correlated angular distributions, which are systematically surveyed in Fig. 5 (cols. 2-6 ). The correlation patterns show great variability: all of them are strongly different from phase-space distributions and from each other. Therefore, the full set of predicted correlation patterns provides clear signatures on dominating 4n-decay configurations: some pairs of plots for two different configurations may look similar, however, a selection of other pair should provide a distinctive signal. This feature may be used in planing of future experiments and the data analysis.
On applicability of the model. -The experience of three-body decay studies tells us that the effect of con- figuration mixing in the final state may have strong effect on the observed correlations. However, the simplified predicted correlations may be relevant in two limiting cases. (i) For decay energies above the typical barrier energies (e.g. E T > 2 − 4 MeV) the effect of configuration mixing may be small, and then one-configuration approximation may be precise enough. However, n-n FSI should have growing effect on the distributions in such a limiting case.
(ii) For deep subbarrier energies E T < 100 − 300 keV, the decay should proceed via the [s 2 p 2 ] 0 configurations which have the lowest possible barriers. For the case (ii) our predictions should be very precise with improving precision in the limit E T → 0.
Effect of n-n FSI is known to influence strongly the three-body energy and angular correlations. In threebody case this effect is expected to vanish as the decay energy goes below E T ∼ 100 keV, see, e.g. [12] . Distributions of Fig. 6 ] configuration illustrate how important can be the effect of n-n FSI in five-body decay. We should emphasize here that this is the upper-limit estimate of the effect, see discussion around Eq. (8) , and actual scale of the effect can be only smaller. We can see in Fig. 6 (b) that the effect is reasonably small under E T < 300 keV and can be neglected under E T < 100 keV. It is curious to note that the modifications of the n-n energy distribution by the n-n FSI for E T 2 MeV is near perfectly described by the 
where dW ps /dε nn is the phase-space distribution and a s (eff) = −12.5 fm is a kind of the effective scattering length, see the thin solid curve in Fig. 6 (b) , which practically coincides with E T = 2 MeV results. Thus we can qualitatively state that the "effective intensity" of the nn FSI within such a "tetraneutron" (namely, [s Conclusion. -In this work we have for the first time theoretically studied the correlations in emission of four nucleons in the nuclear 5-body decay. We have demonstrated that for true five-body decays of core+4n systems the Pauli focusing -the cumulative effects of antisymmetrization and population of definite orbital configurations -may lead to distinctive correlation patterns. These patterns are not very expressed in the onedimensional distributions. Here they can also be masked by other dynamical effects. For that reason we propose to study the full set of the two-dimensional correlated energy or/and angular distributions for derivation of the information concerning the quantum-mechanical 4n-decay configuration. In total five non-equivalent correlated distributions are available for analysis and they seem to form a unique "fingerprint" of the decaying quantum state. The reconstruction of all these distributions requires a complete kinematical characterization of the core+4n decay, which is presumably within the reach of the modern experiment.
